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aquaporin-3; prolactin; osmoregulation; osmoreception; tilapia OSMOREGULATION IN TELEOST fish is achieved to an important extent by integrated ion and water transport by osmoregulatory organs under the control of the endocrine system (9). These osmoregulatory processes should be regulated and optimized by osmosensory systems, because the monitoring of internal osmotic status is essential to decide the direction and magnitude of ion and water transports. Nevertheless, little is known about mechanisms that mediate osmoreception. In euryhaline teleost fishes, such as the tilapia, Oreochromis mossambicus, prolactin (PRL) plays an essential role in adaptation to hyposmotic environments. There is abundant evidence that PRL acts in freshwater (FW)-adapted fish on all major osmoregulatory organs, including gills, skin, intestine and kidney, to stimulate the retention of ions (primarily Na ϩ and Cl Ϫ ) in body fluids, and to reduce water permeability at body surfaces (23) . The Mozambique tilapia possesses two PRL isoforms, PRL188 and PRL177, both of which exert hyperosmoregulatory functions (23) .
Previous in vivo and in vitro studies have shown that PRL secretion from tilapia PRL cells rapidly increases when extracellular osmolality is reduced (10, 24, 31, 36, 41) . In teleosts, PRL cells are isolated as a nearly homogenous tissue in the rostral pars distalis (RPD) of the pituitary (26) and can be easily separated from the pituitary for in vitro studies. Several studies have indicated that PRL cells of the tilapia are osmoreceptive; that is, the release of PRL is a direct response to small physiologically relevant changes in extracellular osmolality (35) . Strong evidence indicates that this osmosenstive control of PRL release from the tilapia PRL cell is mediated through changes in cell volume (32, 33, 39) . Evidence further indicates that PRL cells do not respond to changes in the concentration of specific extracellular ions but rather to changes in extracellular osmolality (40) . The very strong temporal correlation among increases in cell volume, intracellular free Ca 2ϩ , and PRL release following exposure to a fall in extracellular osmolality suggests that stretch-activated calciumpermeant ion channels are responsible for the initiation of the signal transduction pathway that triggers PRL release (33) . Moreover, this Ca 2ϩ -signaling cascade is likely to be independent of both inositol triphosphate (IP 3 )-and ryanodinesensitive Ca 2ϩ stores (34) . This osmoreceptive response appears to be independent of voltage-gated Ca 2ϩ channel mediation, which has also been observed in the tilapia PRL cell (14) . The maintenance of body fluid osmolality within a narrow physiological range requires osmosensory mechanisms to be highly sensitive to changes in osmolality. In vitro experiments using isolated tilapia PRL cells indicate that the osmoreceptive response of tilapia PRL cells is tied to changes in cell volume that are driven by water movement across the cell membrane (40) .
Aquaporins comprise a family of integral membrane proteins that function as water channels and are importantly involved in fluid-transporting mechanisms and the formation of highly water-permeable cell membrane in various organs (2, 19, 25) . It has been shown, for example, that exogenous aquaporin water channel (AQP)-expressing Xenopus oocytes alter their volume more rapidly in response to changes in extracellular osmolality than intact oocytes (27) . Among AQP isoforms, AQPs 0, 1, 2, 4, and 5 are strictly water-selective channels (1, 11, 27, 28, 42) , whereas AQPs 3, 7, 9, and 10 are also permeable to glycerol and other small nonelectrolytes (8, 15, 16, 17, 18) . We have shown that AQP3 is expressed in various tissues, including the pituitary of tilapia and that its water-transporting function is inhibited by mercury, as is the case with AQP isoforms found in mammals (39) .
The present investigations were undertaken to clarify whether AQP3 might be involved in osmoreception in tilapia PRL cells. We examined the expression and cellular localization of AQP3 in PRL cells of the pituitary from FW-and seawater (SW)-adapted tilapia. We also investigated whether exposure of dispersed PRL cells to mercury blocked increases in cell volume and PRL release that occur when extracellular osmolality is reduced. RT-PCR analysis. Total RNA was extracted from the RPD of FWand SW-adapted tilapia using an RNA extraction solution (ISOGEN; Nippon Gene, Toyama, Japan). Total RNA (700 ng) was reversetranscribed using the Superscript First-Strand Synthesis System for RT-PCR (Invitrogen, Carlsbad, CA), according to manufacturer's instructions. The transcripts of AQP3 and PRL188 were quantified using a LightCycler ST300 (Roche Diagnostics, Penzberg, Germany) and LightCycler FastStart DNA Master PLUS SYBR Green I (Roche Diagnostics) with primer pairs: AQP3, AQP3-qf (CATGTACTAT-GATGCTTTGTTGCTC) and AQP3-qr (CAAAGAAACCATTGA-CAAGTGTGA); PRL, PRL-I-qf (ACCAAGCACTTCAAGTGTCA-GAGT) and PRL-I-qr (TGAAGTGATGGCCTGAGCA). As an internal standard, 18S rRNA was also quantified with a primer pair, 18S-forward (CGATGCTCTTAGCTGAGTGT) and 18S-reverse (ACGACGGTATCTGATCGTCT).
MATERIALS AND METHODS
Antibody. A polyclonal antibody was raised in a rabbit against a synthetic peptide corresponding to a part of the C-terminal region of tilapia AQP3 molecules (amino acid residues 290-303 in tilapia AQP3) (39) . The antigen conjugated with keyhole limpet hemocyanin (KLH) was emulsified with complete Freund's adjuvant, and immunization was performed in a New Zealand white rabbit. The antiserum was obtained after several booster injections, and the specific antibody was affinity-purified from the antiserum with the antigen peptide (Scrum, Tokyo, Japan).
Western blot analysis. The RPD isolated from FW-adapted tilapia was homogenized in 200 l of lysis buffer [pH 6.8; 150 mM NaCl, 50 mM Tris, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS and 1 tablet of Complete-Mini (Roche Diagnostics) per 10 ml of lysis buffer], and left on ice for 30 min to lyse cells completely. The lysate was centrifuged at 4,000 g for 5 min at 4°C, and the supernatant was collected for Western blot analysis. The resulting protein sample was separated by SDS-PAGE. After electrophoresis, the protein was transferred from the gel to a polyvinylidene difluoride membrane (Immobilon-P Transfer membrane; Millipore, Billerica, MA). After blocking with blocking buffer containing 5% skim milk in 20-mM Tris-buffered saline with 0.1% Tween-20 (TBST) for 30 min at room temperature, the membrane was incubated with anti-tilapia AQP3 diluted 1:4,000 with blocking buffer overnight at 4°C. After rinse with TBST, the membrane was incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit IgG (Cell Signaling Technology, Danvers, MA) diluted 1:10,000 with blocking buffer for 3 h at room temperature. The immunoreactive band was detected with Immobilon Western chemiluminescent HRP substrate (Millipore), according to the manufacturer's instructions. For protein quantification analysis, protein samples were extracted from RPDs of FW-and SW-adapted tilapia and were analyzed as mentioned above. To standardize the abundance of AQP3 protein levels, ␤-actin protein levels were also measured as internal standard for protein expression by Western blot analysis with a commercial antibody against human ␤-actin (#4967, lot 2, Cell Signaling Technology) at a dilution of 1:4,000. Signal intensities were analyzed by Doc-It LS image analysis software (UVP, Upland, CA).
Immunocytochemistry. Pituitaries were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for 16 h at 4°C and preserved in 70% ethanol. Fixed pituitaries were rehydrated in PBS, immersed in 30% sucrose in PBS, and embedded in optimum cutting temperature compound (Miles, Elkhart, IN) for cryosection at Ϫ80°C. Cryosections (20 m) were cut at Ϫ20°C and mounted on MAS-coated slides (Matsunami, Osaka, Japan). An antibody specific for tilapia PRL188 was used to detect PRL cells in the sections (4). Before immunostaining, the antibody was labeled with Alexa Fluor 488 using Alexa Fluor 488 protein-labeling kit (Invitrogen), according to manufacturer's instructions. Tissue sections were incubated with anti-tilapia AQP3 diluted 1:500 with NB-PBS (PBS containing 2% normal goat serum, 0.1% bovine serum albumin, 0.02% KLH and 0.01% sodium azide) overnight at 4°C, and then with goat anti-rabbit IgG labeled with Alexa Fluor 555 (Invitrogen) diluted 1:1,000 with NB-PBS overnight at 4°C. After rinsing in PBS, the sections were incubated with anti-tilapia PRL188 labeled with Alexa Fluor 488 (1:2,000) overnight at 4°C. After rinsing again with PBS, we immersed the sections in DAPI (300 nM) in PBS for 10 min to stain nuclei. The sections were then observed under a confocal laser scanning microscope (Nikon C1; Nikon, Tokyo, Japan). To confirm the specificity of the immunoreaction for tilapia AQP3, additional sections were incubated with the normal rabbit serum instead of anti-tilapia AQP3.
Primary incubation of PRL cells. PRL cells were separated as a nearly homogeneous tissue in the RPD from pituitaries of FW and SW fish. PRL cells were then dispersed as described previously (10) with some minor modifications. In brief, small pieces of the RPD were incubated in PBS containing 0.125% trypsin (Sigma, St. Louis, MO) at 28°C for 40 min in a shaker (120 rpm), and then mixed by pipetting to disaggregate clumps into a suspension of single cells. Trypsindispersed PRL cells were collected by centrifugation at 1,000 g for 5 min. The resulting cell pellet was resuspended in PBS containing 0.125% trypsin inhibitor (Sigma), and incubated on a shaker (120 rpm) at 28°C for 15 min. After washing with PBS, PRL cells were resuspended in incubation medium (pH 7.4, 120 mM NaCl, 4 mM KCl, 0.81 mM MgSO 4, 0.99 mM MgCl2, 2 mM NaHCO3, 0.44 mM KH2PO4, 1.34 mM NaHPO4, 2.1 mM CaCl2, 10 mM HEPES, 0.5 g/l glucose, 0.3 g/l glutamine, and 1% MEM essential amino acids solution). The osmolality of incubation medium was adjusted at 330 mOsm with 5 M NaCl. PRL cells were plated either on coverslips (Warner instruments, Hamden, CT) coated with poly-L-lysine (Sigma) for perfusion experiments or on 96-well Primaria plates (Becton Dickinson, Franklin Lakes, NJ) for PRL release measurement; then, they were incubated at 26 -28°C for 16 h under in humidified atmosphere.
Water permeability. To estimate water permeability, a coverslip containing PRL cells was mounted in a perfusion chamber (Warner Instruments) and examined under an inverted microscope (IX50, Olympus, Tokyo). The cells were perfused with isosmotic medium (330 mOsm) for 5 min, followed by perfusion with hyposmotic medium (300 mOsm or 270 mOsm) for 5 min. Cell images were captured every 15 s throughout the experiments using a CCD camera (DP70, Olympus). The saved images were later analyzed with ImagePro Plus 4.5.1 (Media Cybernetics, Silver Spring, MD). The cell volume was calculated from the cross-sectional area, assuming the cell to be a perfect sphere. The time-course changes in cell volume were fitted to an exponential curve, and cell membrane water permeability was determined as the initial rate of water influx per unit of the cell surface area.
HgCl2 treatment.
To examine the effects of mercury on cell volume and PRL release during exposure to hyposmotic medium, dispersed PRL cells from FW-adapted tilapia were first incubated for 10 min in isosmotic medium (330 mOsm) containing 0.5, 2, and 10 M HgCl 2. Then cells were washed twice with isosmotic medium for 5 min to remove HgCl 2, and then exposed to hyposmotic medium (300 mOsm, a 10% decrease in extracellular osmolality that is well within the physiological range of the tilapia). To examine the recovery from the HgCl 2-induced inhibition, PRL cells were incubated for 10 min in isosmotic incubation medium containing 100 M ␤-mercaptoethanol, a reducing agent, after 10-min incubation with HgCl2. The procedure of the perfusion experiment was the same as described above. Dosedependent effects of mercury were also examined in FW PRL cells in the water permeability assay to determine an appropriate dose of mercury.
To examine effects of mercury on the stimulation of PRL release by exposure to reduced osmolality, incubation medium was collected at 5 min after exposure to hyposmotic medium. A high [K ϩ ] medium challenge test was carried out with mercury-treated PRL cells to confirm whether mercury inhibited the Ca 2ϩ -signaling cascade, which is essential for hypotonicity-induced PRL release. The composition of high [K ϩ ] medium is the same as the normal incubation medium described above, except that NaCl and KCl concentrations were 65 mM and 55 mM, respectively. High [K ϩ ] treatment induces depolarization of cell membrane potential and influx of Ca 2ϩ through voltage-gated Ca 2ϩ channels, which stimulates PRL secretion (32) . Medium samples were stored at Ϫ80°C, and PRL concentrations were measured by homologous radioimmunoassay, as described previously (4, 41) .
Statistical analysis. Statistical differences were determined by one-way ANOVA, followed by Fisher's PLSD, or Student's t-test using StatView 5.0 software (Hulinks, Tokyo, Japan). Differences at P Ͻ 0.05 were considered significant.
RESULTS

Expression of AQP3 and PRL mRNA.
Real-time quantitative RT-PCR analysis showed that relative expression levels of both AQP3 and PRL188 mRNA in the RPD of FW-adapted fish were significantly higher (3.7-and 14.5-fold, respectively) than those of SW-adapted fish (Fig. 1A and B) .
Western blot analysis. In Western blot analysis, the antibody raised against the synthetic peptide corresponding to a part of C-terminal region of tilapia AQP3 recognized a single protein band with molecular mass of about 40 kDa (Fig. 2A) . In the control, no immunoreactive band was detected (data not shown). Protein quantification analysis showed that AQP3 protein expression levels in RPDs of FW fish were significantly (1.4-fold) higher than those of SW fish (Fig. 2B) .
Cellular localization of AQP3. In the light-microscopic immunohistochemistry, PRL188-immunoreactive cells were predominantly located in the RPD and were stained more intensely in FW-adapted fish than in SW-adapted fish (Fig. 3 , A and D). The immunoreaction for AQP3 was detected at the cell membrane and at perinuclear regions of PRL cells (Fig. 3 , B, C, E, F), as well as in other cells (data not shown) in the pituitary in both FW-and SW-adapted tilapia. Immunoreaction for AQP3 in PRL cells of FW-adapted fish was more intense than that of SW-adapted fish (Fig. 3, B and E) .
Water permeability. When medium osmolality was reduced from 330 mOsm to 270 mOsm (20% decrease), there was no significant difference in the magnitude of relative volume changes between PRL cells isolated from FW-and SWadapted fish, except for the first 30 s, when relative volume increase was significantly greater in FW PRL cells than in SW PRL cells (Fig. 4A ). Water permeability, calculated based on initial water influx, was significantly higher in PRL cells isolated from FW-adapted fish than in those from SW-adapted fish (Fig. 4C ). When medium osmolality was reduced by 10% (330 to 300 mOsm), the magnitude of the relative volume increase of PRL cells from FW tilapia was significantly greater at all time points than that seen in PRL cells from SW fish. Similarly, cell membrane water permeability was significantly greater in FW PRL cells than in SW PRL cells (Fig. 4, B and D) .
Effects of mercury on water permeability. In the first experiment, dose dependency of the inhibitory effects of mercury on water permeability of FW PRL cells was examined using the 
s t-test)
greater during the first 30 s, when medium osmolality was reduced by 20%. When exposed to 10% reduction, relative volume increase of FW PRL cells was significantly (P Ͻ 0.05, Student's t-test) greater than that of SW PRL cells at all time points. Initial water influx, which represents cell membrane water permeability, was significantly (P Ͻ 0.05) greater in FW PRL cells than in SW PRL cells, when exposed to reduced medium osmolality by 10 or 20%. Values are expressed as means Ϯ SE (n ϭ 10). *Significant difference (P Ͻ 0.05, Student's t-test, in C and D).
perfusion incubation system. Increases in cell volume and cell membrane water permeability, which were induced by hyposmotic medium (10% decrease in osmolality), were inhibited by HgCl 2 in a dose-related manner (Fig. 5, A and B) . Treatment with 2 M HgCl 2 produced a significant inhibition in both the increase in PRL cell volume and the initial rate of water influx induced by exposure to hyposmotic medium. This inhibition was not evident when PRL cells were treated with 0.5 M HgCl 2 . At the highest dose of HgCl 2 (10 M), the hyposmotically induced increase in PRL cell volume was markedly inhibited; water permeability or the initial rate of water influx was not able to be calculated, since cell volume increase was too small to fit the exponential curve (Fig. 5, A and B) . Moreover, a small proportion of cells died in the 10 M HgCl 2 -treated group, whereas cell death was not observed in either 2 or 0.5 M HgCl 2 -treated groups.
In the next experiment, the effects of ␤-mercaptoethanol on inhibitory actions of mercury were examined (Fig. 5, C and D) . The inhibitory effects of 2 M HgCl 2 on relative volume increase were restored to control levels by ␤-mercaptoethanol treatment. The initial rate of water influx was significantly reduced by 2 M HgCl 2. Although treatment with ␤-mercaptoethanol tended to increase the water permeability, the effect was not statistically significant.
Effects of mercury on the increase in PRL release following exposure to hyposmotic medium. When medium osmolality was reduced to 300 mOsm for 5 min, PRL release increased significantly; this response was significantly inhibited by treatment with 2 M HgCl 2 . The hyposmotically induced rise in PRL release that had been inhibited by 2 M HgCl 2 was partially restored by ␤-mercaptoethanol (Fig. 6A) . ␤-Mercaptoethanol itself was without a stimulatory effect on PRL secretion (data not shown). On the other hand, increased PRL release induced by high K ϩ was unaffected by 2 M HgCl 2 (Fig. 6B) .
DISCUSSION
In the current study, quantitative RT-PCR analysis revealed that expressions of both AQP3 and PRL in the RPD of FW-adapted tilapia were significantly higher than those of SW-adapted tilapia, suggesting a possible involvement of AQP3 in the osmoreception mechanism of tilapia PRL cells.
In the Western blot analysis, the antibody recognized a single band of ϳ40 kDa. The observed molecular size was slightly larger than the estimated molecular mass (30 kDa) of tilapia AQP3. The band shift by ϳ10 kDa might be due to protein glycosylation. Studies have indicated that AQPs possess glycosylation sites (38) , and tissue-and species-specific glycosylated-AQP3 band patterns have been observed (30) . Glycosylation of AQPs has been suggested to be important for stabilization and cell surface localization of the molecule (5, 13). According to our observation on the tilapia gills, two bands of 30 and 40 kDa were detected by Western blot analysis using the anti-tilapia AQP3 antibody: the lower band corresponds well to the predicted molecular mass of AQP3, and the A: dose-dependent effect of mercury on cell volume change induced by extracellular osmolality reduction from 330 mOsm to 300 mOsm (10% decrease). ᮀ, control; Ⅲ, 0.5 M HgCl2; OE, 2 M HgCl2; E, 10 M HgCl2-treated group. Relative volume increase of control was significantly (P Ͻ 0.05, Fisher's PLSD) greater than that of 2 and 10 M HgCl2-treated FW PRL cells at all time points. B: effect of mercury (CTL; control, 0.5, 2, and 10 M) on water permeability (initial rate of water influx) induced by 10% decrease in extracellular osmolality. Values are expressed as means Ϯ SE (n ϭ 8). *Significant difference compared with the control (P Ͻ 0.05, Fisher's PLSD). N.D., not determined. C: effect of mercury and ␤-mercaptoethanol (BME) on cell volume change induced by 10% decrease in extracellular osmolality. ᮀ, the control; OE, 2 M HgCl2; •, 2 M HgCl2/BME-treated group. Values are expressed as means Ϯ SE (n ϭ 10). Relative volume increase of the control was significantly (P Ͻ 0.05, Fisher's PLSD) greater than that of mercury-treated group at all time points. D: effect of mercury and BME on water permeabilty induced by 10% reduction in extracellular osmolality. Values are means Ϯ SE (n ϭ 10). Values marked with different letters are significantly different from one another (P Ͻ 0.05, Fisher's PLSD).
higher band is identical to the molecular size of the band observed in the present study. In our previous study, we detected only a 30-kDa band (39) , presumably because the antibody used in our previous study reacted only with nonglycosylated tilapia AQP3. These results suggest that the antibody raised in this study is applicable to immunohistochemical detection of both glycosylated and nonglycosylated AQP3 of tilapia, and that AQP3 in tilapia PRL cells is glycosylated. Protein quantification analysis for AQP3 in the RPD of FW and SW fish revealed that AQP3 was more abundant in the FW RPD than in SW one, which was consistent with the result of AQP3 gene expression in the RPD. This result strongly suggests that water movement through AQP3 is more important for some physiological events, possibly osmoreception, in FW PRL cells than in SW PRL cells.
Immunohistochemical observations of the RPD of FW-and SW-adapted tilapia clearly showed that AQP3 was localized at the plasma membrane and perinuclear regions of PRL cells and that immunoreaction for AQP3 in the plasma membrane of FW PRL cells was more intense than that for SW PRL cells. The immunoreaction for PRL188 was also more intense in FW PRL cells than in SW PRL cells. These observations are in agreement with the present findings of PRL and AQP3 expressions. AQP3 located in the cell surface is apparently involved in water movement across the plasma membrane; AQP3 located in the perinuclear region might be immature or might exist in the stored form to be recruited into the plasma membrane. According to Solenov et al. (37) , AQP4 was abundantly expressed throughout the brain, including in astrocytes, and the water permeability of astrocytes from AQP4-deficient mice was significantly lower than that in those from wild-type mice. Moreover, brain edema and swelling of astrocytic foot processes after acute water intoxication were significantly reduced in AQP4-deficient mice (22) . These phenomena indicate that the abundance of AQPs is closely linked with cell volume changeability in response to changes in extracellular osmolality. Results from this study clearly indicate that AQP3 is importantly involved in water movement across cell membrane in tilapia PRL cells and that PRL cells of FW-adapted fish could alter their volume in response to smaller changes in extracellular osmolality than SW PRL cells. In mammalian species, however, AQP3-expressing cells are still unknown; AQP3 is expressed in the pituitary of male Sprague-Dawley rats (20) , suggesting that physiological events in hypophyseal cells mediated by water movements through AQP3 is conserved among vertebrate species.
When extracellular osmolality was reduced by 20%, there was no difference in plateau levels of cell volume increase between PRL cells from FW-adapted fish and those from SW fish; however, water permeability of FW PRL cells was significantly higher than that of SW PRL cells. On the other hand, when extracellular osmolality was reduced by 10%, both the plateau level of the cell volume increase and water permeability were significantly higher in FW PRL cells than in SW PRL cells. This result showed that highly water-permeable cell membrane of FW PRL cells allows them to respond to smaller osmolality changes than SW PRL cells. Cell volume changeability is closely related to the cell membrane water permeability. For instance, in a functional analysis for AQPs of Xenopus oocytes, the cell volume of AQP-expressing oocytes was markedly increased following a reduction in extracellular osmolality, while hyposmotically induced cell volume increase of control oocytes was much smaller (27) . Thus, it is highly likely that the difference between PRL cells from FW and SW tilapia in the plateau level of the cell volume increase produced by exposure to a 10% reduction in medium osmolality derives from a difference in cell membrane water permeability. However, although we cannot account precisely for the reason of the difference in the plateau levels of cell volume increase induced by 10 and 20% decrease in extracellular osmolality, this might be derived from the relationship between amount of osmotic water influx as a force for cell volume increase and elasticity of PRL cells as a property for cell volume constancy. Fig. 6 . Effects of mercury and ␤-mercaptoethanol (BME) (A), and mercury and high K ϩ (B) on PRL release from primary-incubated PRL cells from freshwater-adapted tilapia. CTL, control (330 mOsm); hypo (300 mOsm); hypo-Hg, hyposmotic medium plus pretreatment with 2 M HgCl2; hypo-Hg/ BME, hyposmotic medium plus pretreatment with 2 M HgCl2 and BME; high K ϩ (55 mM, KCl), and Hg/high K ϩ , high K ϩ plus pretreatment with 2 M HgCl2. Hyposmoticity-induced PRL release was significantly (P Ͻ 0.05) inhibited by mercury treatment, and the inhibition partially restored by BME treatment (n ϭ 9), whereas PRL release induced by high K ϩ was not affected by mercury (n ϭ 6). Values marked with different letters are significantly different from one another (P Ͻ 0.05, Fisher's PLSD).
In most cells, regulation of cell volume is vital to resist acute changes in extracellular osmolality. When cells are exposed to an acute reduction in extracellular osmolality, the cells initially swell by water influx according to the osmotic gradient across plasma membrane, and then decrease their volume gradually to reach the original volume by so-called regulatory cell volume decrease (RVD). Although no single universal model for RVD that can be applicable to every cell is known, the principal mechanism for RVD is to decrease intracellular osmolality by extruding intracellular ions and/or other osmolytes (21) . The pH of cell incubation media used in the present study was likely lower than resting plasma pH of some fish species (12) . Although we confirmed that this medium was suitable for long-term incubation (at least 1 wk) of PRL cells, there remains a possibility that the slightly acidic condition may have some effects on osmolyte-transporting mechanisms. In tilapia PRL cells, however, RVD was not clearly observed when extracellular osmolality was reduced by 15-20% (32, 35) , indicating that ion-transporting systems for RVD may be lacking or less active in PRL cells of tilapia. The apparent absence of a RVD in the tilapia PRL cells may be integral to the osmoreception mechanism that governs PRL release. PRL is centrally important to the regulation of hydromineral balance when fish are in FW or hyposmotic brackish water, where they continually face the challenge of reduced plasma osmolality. In addition, a similar phenomenon that cells lack volume regulatory systems was reported in mammalian osmosensory neuronal cells (44) . It would be reasonable to speculate that the highly sensitive response of the PRL cells of FW tilapia to changes in extracellular osmolality might be mediated by cell volume changes that are maintained until extracellular fluid osmolality is restored at a level of the whole organism to baseline levels.
The likely involvement of AQP3 in tilapia PRL cell osmoreception is further indicated on considering the effects of mercury, which is widely known to inhibit water movement through AQPs (38) . In the current study, the water permeability and cell volume changeability of FW PRL cells in response to a fall in extracellular osmolality were significantly inhibited by pretreatment with mercury in a dose-related manner. The inhibitory effects of mercury were partially restored by ␤-mercaptoethanol. These results are essentially in accordance with those of the functional analysis of AQP3 using Xenopus oocytes (39) , suggesting that the inhibitory effects of mercury on cell volume change is not due to an irreversible nonspecific cytotoxity of mercury (43) . As discussed above, PRL cells of the tilapia pituitary specifically lack cell volume regulatory mechanisms as a means for ensuring long-lasting and sensitive osmosensitivity. Our findings suggest that the inhibitory effects of mercury on water movement through AQP3 account for suppression of the cell volume increase, which is normally produced in FW PRL cells by a reduction in extracellular osmolality. Nevertheless, we remain cognizant that mercury is a cytotoxic metal that also inhibits ion channels other than AQP3 (3, 7, 29) .
Hyposmotically induced increase in PRL release was also significantly suppressed by mercury, the inhibitory effect of which was partially restored by ␤-mercaptoethanol. These results agree closely with the effects of mercury on the hyposmotically induced cell volume increase. Furthermore, mercury did not inhibit the induction of PRL release by exposure to high (35) .
In summary, the present study clearly indicates that AQP3 is involved in the mediation of osmoreception in the tilapia PRL cells, particularly those from FW fish. In general, optimization of the endocrine mechanisms that control osmoregulation is essential to energetically efficient body fluid homeostasis. On the basis of this idea, fish adapted to hypotonic condition are expected to be equipped with a fine-tuning mechanism for PRL-based hyperosmoregulation, so as not to work excessively or insufficiently. We believe that AQP3 is essential for the fine-tuning mechanism to optimize PRL secretion and the following hyperosmoregulatory mechanisms in FW fish. Furthermore, these results imply that water-permeable cell membranes equipped with water channel molecules are important not only for tilapia PRL cells but also for cells with volumelinked osmoreception ability to acquire highly sensitive and physiologically functional osmodetection mechanisms in other organs and species.
